Astrocytes integrate and process synaptic information and exhibit calcium (Ca 2+ ) signals in response to incoming information from neighboring synapses. Our model results confirm the spatial separation of the mGluR-and GluT-dependent pathways along the astrocytic process. The model allows to study the binary Ca 2+ response during a block of either of both pathways. Moreover, the model contributes to a better understanding of the impact of channel densities on the interaction of both pathways and on the Ca 2+ signal.
entry over the plasma membrane (GluT-dependent pathway). This assumption is supported by the finding, that the volume ratio between the internal Ca 2+ store and the intracellular space decreases from the soma towards the synapse. We extended a model for mGluRdependent Ca 2+ signals in astrocytes with the GluT-dependent pathway. Additionally, we included the volume ratio between the internal Ca 2+ store and the intracellular compartment into the model in order to analyze Ca 2+ signals either in the soma or close to the synapse.
Our model results confirm the spatial separation of the mGluR-and GluT-dependent pathways along the astrocytic process. The model allows to study the binary Ca 2+ response during a block of either of both pathways. Moreover, the model contributes to a better understanding of the impact of channel densities on the interaction of both pathways and on the Ca 2+ signal.
Author summary
Astrocytes are considered as active partners in neural information processing, because they integrate and process synaptic information and control synaptic transmission. Neuronal transmitter release induces the generation of Ca 2+ signals in astrocytes. The a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
Astrocytes integrate and process synaptic information and by doing so generate calcium (Ca 2+ ) signals in response to neurotransmitter release from neighboring synapses [1] . Ca 2+ signals in astrocytes are largely attributed to an elevated metabotropic glutamate receptor (mGluR) activity, which stimulates the phospholipase C and the production of the second messenger inositol trisphosphate (IP 3 ). The binding of IP 3 to receptors at internal Ca 2+ stores (endoplasmatic reticulum) induces IP 3 and Ca 2+ -dependent Ca 2+ release into the intracellular space [2] [3] [4] [5] [6] [7] (see mGluR-dependent pathway in Fig 1) . Experimental results, however, showed not only a clear attenuation of the Ca 2+ signal during an inhibition of the mGluR, but also during a block of the glutamate transporter (GluT) [7, 8] . The glutamate transporter itself does not influence the intracellular Ca 2+ concentration, but it indirectly activates Ca 2+ entry over the membrane mediated by the Na + /Ca 2+ exchanger [9] (see GluT-dependent pathway in Fig 1) . The uptake of one glutamate molecule mediated by the glutamate transporter is accompanied by the transport of three sodium (Na + ) ions into the astrocyte and one potassium (K + ) ion out of the astrocyte. An inwardly directed Na + gradient and an outwardly directed K + gradient promote the glutamate uptake by the glutamate transporter and glutamate accumulation in the astrocyte. The Na + -K + -ATPase maintains the Na + -K + concentration gradient and favors the glutamate transport [10] . In close proximity to glutamate transporters high concentrations of Na + /Ca 2+ exchangers have been observed [9] .
During a rapid rise of the Na + concentration the Na + /Ca 2+ exchanger works in the reverse mode and transports Na + out of the astrocyte while transporting Ca 2+ into the astrocyte.
Thereby the Na + /Ca 2+ exchanger serves as an additional transient source of Ca 2+ and the intracellular Ca 2+ concentration increases [9] . Therefore, at least two different mechanisms contribute to the generation of Ca 2+ signals in astrocytes. A closer look into Ca 2+ signaling in different astrocytic compartments revealed a spatial separation of those two pathways. In the soma Ca 2+ signals are mainly evoked on the mGluR-dependent pathway, whereas in perisynaptic astrocytic processes (PAPs) most Ca 2+ signals are evoked by Ca 2+ entry over the plasma membrane [11] . These results are supported by the finding, that astrocytic compartments close to the synapse are devoid of internal Ca 2+ stores and the volume ratio of internal Ca 2+ stores compared to the intracellular space increases towards the soma. Moreover, the surface volume ratio decreases along the astrocytic process from the PAPs towards the soma, because processes become increasingly thinner (see Fig 2) [12] . Based on the findings cited above we hypothesized that the underlying mechanisms for Ca 2+ signals differ between astrocytic compartments. The mGluR-dependent pathway is mainly present close to the astrocytic soma, while the on the mGluR-and GluT-dependent pathway in different astrocytic compartments along astrocytic processes from the synapse towards the soma.
Methods
We used a system of ordinary differential equations to describe the changes of the ion concentrations, the membrane voltage and the concentration of IP 3 in a single astrocytic We consider astrocytic compartments which consist of three parts: the intracellular space, the internal Ca 2+ store (endoplasmatic reticulum) and the extracellular space. Ca 2+ signals in the intracellular space are generated by two different pathways: the metabotropic glutamate receptor (mGluR)-dependent pathway and the glutamate transporter (GluT)-dependent pathway. The mGluR-dependent pathway describes the glutamate dependent production of IP 3 , which then evokes IP 3 and Ca 2+ dependent exchange of Ca 2+ between the intracellular space and the endoplasmatic reticulum. The GluT-dependent pathway describes the GluT driven transport of Ca 2+ between the extracellular and the intracellular space.
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compartment (see Fig 1) of an astrocytic process. Glutamate dependent Ca 2+ signals are evoked through two different pathways (see Fig 1) . One pathway is driven by the activity of the metabotropic glutamate receptor (mGluR-dependent pathway). The other depends on the activity of the glutamate transporter (GluT-dependent pathway). In the mGluR-dependent pathway glutamate binds to the metabotropic glutamate receptors (mGluR) leading to an enhanced production of the second messenger IP 3 
Geometry of the astrocytic model compartment
We consider small astrocytic compartments, which have a cylindrical shape. Each astrocytic compartment consists of three parts: the internal Ca 2+ store (endoplasmatic reticulum), the intracellular space, and the extracellular space (see Fig 1) . The internal Ca 2+ store and the
Fig 2. Changes of the astrocytic surface to volume ratio (SVR) and the volume ratio of internal Ca

2+
stores compared to the intracellular space (ratio ER ) for astrocytic compartments along the astrocytic process. A small ratio ER corresponds to astrocytic compartments close to the synapse (perisynaptic astrocytic processes (PAPs)) and a high ratio ER corresponds to astrocytic regions at the soma. store (see Eq 2), we consider the sum of all ionic currents carrying the respective ion (∑I ion ) multiplied with the area A, the ionic current is flowing through, and divided by the volume Vol of the space the ions are located in. Both A and Vol are scaled by the length l of the compartment. Therefore, the fraction
A Vol
does not depend on l and lateral diffusion of ions was neglected.
For each astrocytic compartment the surface area and the volume of both the internal Ca 2+ store and the intracellular space change along the astrocytic process. The diameter of the intracellular space increases from astrocytic compartments close to the synapse towards astrocytic compartments at the soma (see Fig 2) . Thus, the surface area and the volume of the intracellular space increase from the synapse to the soma, but the surface volume ratio (SVR) decreases. The volume ratio between the internal Ca 2+ store and the intracellular space increases from astrocytic compartments close to the synapse towards astrocytic compartments at the soma. Astrocytic compartments close to the synapse do not contain internal Ca 2+ stores (ratio ER = 0) (see Fig 2) . Within a single astrocytic compartment the diameter of the internal Ca 2+ store is smaller than the diameter of the intracellular space. The volume of the internal Ca 2+ store is equal to the volume of the intracellular space reduced by the factor ratio ER . Consequently, the surface area of the internal Ca 2+ store is reduced by the factor ffiffiffiffiffiffiffiffiffiffiffiffiffi ratio ER p compared to the surface area of the intracellular space. Thus, the volume ratio between the internal Ca 2+ store and the intracellular space determines the change of the surface volume ratio (SVR ¼
) of the internal Ca 2+ store along the astrocytic process.
Along the astrocyte process, the surface volume ratio (SVR) and the volume ratio between the internal Ca 2+ store and the intracellular space depend on each other, and the relationship (see [12] and Fig 3) is quantified by:
Dynamics of the ion concentrations, the membrane voltage and the concentration of IP 3
Dynamics of ion concentrations. The change of the ion concentration is given by:
and depends on the sum of all ionic currents carrying the respective ion (∑I ion ) multiplied with the area (A), the ionic currents are flowing through, and divided by the volume (Vol) of the space the ions are located in and the Faraday constant (F). The change of the intracellular Ca 
where A denotes the area of the outer cell membrane, A Á ffiffiffiffiffiffiffiffiffiffiffiffiffi ratio ER p is the area of the internal Ca 2+ store and the volume of the intracellular space is defined as Vol.
The change of the Ca 2+ concentration in the ER is determined by currents crossing the membrane of the ER:
here A Á ffiffiffiffiffiffiffiffiffiffiffiffiffi ratio ER p and Vol Á ratio ER describe the area and the volume of the internal Ca 2+ store, respectively. The change of the intracellular Na + and K + concentrations are described by the following equations: Dynamics of the membrane voltage. The change of the membrane voltage V is determined by:
The right hand side of the equation consists of the sum of all ionic membrane currents with the consideration of carried charges per ion (see Fig 1) . C m is the membrane capacitance. Note, that the transport of sodium and potassium mediated by the glutamate transporter lead to a net transfer of two positive charges per cycle across the membrane.
Extracellular ion concentrations. The changes of the extracellular Ca 2+ , Na + and K + concentrations are determined by:
We calculated the extracellular concentration as a function of the intracellular concentration under the assumption that the volume of the intracellular and extracellular space of an astrocytic compartment are the same and the overall concentration in the intracellular and the extracellular space of an astrocytic compartment stays constant. Values of model parameters can be found in Table 1 .
IP 3 production and degradation. The concentration change of the second messenger IP 3 is determined by the production and degradation of IP 3 . The production is mediated by the phosphoinositide-specific phospholipase C β (PLCβ) and the phosphoinositide-specific phospholipase C δ (PLCδ). The degradation is mediated by the IP 3 3-kinase (IP 3 -3K) and the inositol polyphosphate 5-phosphatase (IP-5P) [13] .
The production of IP 3 by the phosphoinositide-specific phospholipase C (PLC) β is linked to the level of the extracellular glutamate concentration g. The maximal rate of IP 3 production by PLCβ is described by v β and the glutamate affinity of the receptor is set by K R . K p is the Ca 2+ /PLC-dependent inhibition factor and K π determines the Ca 2+ affinity of PLC.
The maximal rate of IP 3 production by PLCδ is described by v δ . The activity of PLCδ is inhibited according to the inhibition constant k δ . The Ca 2+ affinity of PLCδ is set by K PLCδ .
The maximal degradation rate of IP 3 by IP 3 -3K is determined by v 3K . K D is the Ca 2+ affinity of IP 3 -3K and K 3 is the IP 3 affinity of IP 3 -3K. The degradation of IP 3 through dephosphorylation by the inositol polyphosphate 5-phosphatase (IP-5P) depends on the maximal rate, r 5P , of degradation by IP-5P. Values of model parameters can be found in Table 2 . ] i ). In order to relate the current strength to the volume of the intracellular space, the current is multiplied with the volume Vol. The current is normalized by the area A. Values of model parameters can be found in Table 3 .
Activation of IP 3 receptor channels. The fraction h of activated IP 3 receptor channels was taken from [14] , Table 4 . SERCA pump. The transport of Ca 2+ ions into the endoplasmatic reticulum mediated by the SERCA pump was taken from [14] ,
The maximal rate of Ca 2+ uptake by the SERCA pump is determined by v ER . K ER determines the Ca 2+ affinity of the SERCA pump. In order to relate the current strength to the volume of the intracellular space, the current is multiplied with the volume Vol. The current is normalized by the area A. The SERCA current depends on the intracellular Ca 2+ concentration [Ca 2+ ] i and is modeled by a Hill rate expression with an exponent 2. Values of model parameters can be found in Table 3 .
Ca 2+ leak from the ER. The Ca 2+ leak from the endoplasmatic reticulum was taken from [14] :
where r L is the leak rate. Table 3 . Transmembrane transporters. Glutamate transporter. The transport of glutamate mediated by the glutamate transporter (GluT) is determined by:
where I GluTmax is the maximal transport current of the glutamate transporter. The half saturation constants of Na + , K + and glutamate are given by K GluTmN , K GluTmK and K GluTmg , respectively. The half saturation constant of K + is not known from experiments. Since the half saturation constant of Na + is close to its intracellular resting concentration, we set the half saturation constant of K + close to its extracellular resting concentration.
The transport of glutamate is coupled to the co-transport of three Na Table 5 . Additionally, there is a non-stochiometric anion (Cl -) current coupled to the glutamate transporter [17] . Inclusion of this current into the equation for the membrane voltage, however, led to minor changes in the simulation results, as long as its maximum conductance was chosen with a physiologically reasonable range (10 
Here, I NKAmax defines the maximal pumping activity of the NKA. K NKAmN [19] . Values of model parameters can be found in Table 5 . Na + /Ca 2+ exchanger. The Na + /Ca 2+ exchanger (NCX) mediates the exchange of three Na + ions with one Ca 2+ ion. We applied the mathematical description of the NCX of [18] :
I NCXmax is the maximal pump current of the exchanger. The half saturation constants for Na + Table 5 .
Leak currents. The leak currents of Na + and K + are given by:
where g Na leak and g K leak are the corresponding conductances of the Na + and K + currents. The
Nernst potentials of Na + and K + are E Na and E K . Values of model parameters can be found in Table 5 .
Neuronal stimulation of the astrocyte compartment
The release of glutamate from an activated nearby synapse is calculated using the Tsodykis and Makram model [21, 22] in its adapted form published by Wallach and colleagues [7] .
where x and y represent the fraction of resources in the recovered and active states, respectively. During each spike a fraction of active synaptic resources is released into the synaptic cleft, and the time constant τ rec determines the recovery of these resources. The fraction of active synaptic resources y increases with each spike and the step increase of y is determined by U 0 . In the absence of a spike y decays back to a baseline level with time constant τ facil . The product r(t) corresponds to the ratio of glutamate (g) which is released during a spike of the sequence s. The change of the glutamate concentration in the synaptic cleft is determined by the total glutamate content of readily releasable vesicles (G T ) and the volume ratio between the synaptic vesicles and the synaptic cleft (ρ C ). Glutamate is removed from the synaptic cleft with the time constant τ clear . Values of model parameters can be found in Table 6 . 
Computational methods
All simulations were performed with Python 2.7 using the packages Brian [28] 
Results
Influence of ratio ER on the mGluR-driven Ca 2+ oscillations
First, we analyzed the generation of mGluR-dependent Ca 2+ signals along the astrocytic process. For this reason we varied the volume fraction of the internal Ca 2+ store (ratio ER ), which changes along the astrocytic process (Fig 3) , and studied the amplitude and the frequency of the Ca 2+ signals (Fig 4) . All currents related to the GluT-dependent pathway (I GluT , I NKA , I NCX )
were set to zero. Astrocytic compartments with a high volume fraction of the internal Ca 2+ store (ratio ER >0.06) showed Ca 2+ oscillations (Fig 4b) . These compartments corresponded to astro- The maximal pump current of the GluT (I GluTmax ) and the NKA (I NKAmax ) had a strong effect on the accumulation of Na + in the astrocyte, while changes of the maximal pump current of the NCX (I NCXmax ) showed no effect (see Fig 5) . The accumulation of Na + in the intracellular space was highest for a high maximal pump current of GluT and a low maximal pump current of NKA (see Fig 5a) . While the GluT transported Na + into the astrocyte, the NKA counteracted this effect by pumping Na + out of the astrocyte and led to a saturation of [Na + ] i at lower concentration levels. The time until saturation was lowest for a low maximal pump current of the GluT and a high maximal pump current of the NKA (see Fig 5b) . A low maximal pump current of the GluT resulted in a small Na + accumulation in the intracellular space, which saturated faster for a high Na + transport out of the astrocyte mediated by the NKA.
In experiments the increase of the intracellular Na + concentration in response to external stimulation with glutamate ranges from 10 mM to 20 mM saturating with increasing glutamate concentrations [29] and is performed in under 60 seconds [30] . For the following simulations we chose a parameter combination of the maximal pump currents of the GluT and the NKA which revealed the desired results for the increase of the intracellular Na 
Ca 2+ transport through the plasma membrane
As a next step, we analyzed how the Ca 2+ transport through the membrane mediated on the GluT-dependent pathway affects mGluR-dependent Ca 2+ signals along the astrocytic process.
Different regions of the astrocytic process were simulated by changing the volume fraction of the internal Ca 2+ store (ratio ER ). We analyzed the influence of the GluT-dependent pathway on the Ca 2+ signal by changing the maximal pump currents of the Na + /Ca 2+ exchanger (I NCXmax ) and the glutamate transporter (I GluTmax ). First, we analyzed the impact of Ca 2+ transport through the membrane mediated by the Na + /Ca 2+ exchanger on the intracellular Ca 2+ signal along the astrocytic process (see Fig 6) .
During a block of the Ca 2+ transport through the membrane (I NCXmax = 0 pA mm 2 ) Ca 2+ oscillations were only observed for a high volume fraction of the internal Ca 2+ store (ratio ER >0.06) (see Fig 6a and 6g ). An increase of the maximal pump current of the Na + /Ca 2+ exchanger Fig 6a) , culminating in a total suppression of the Ca 2+ oscillations (see Fig 6e) . In astrocytic compartments, which were devoid of the internal Ca 2+ store (ratio ER = 0), Ca 2+ was transported into the astrocyte and the intracellular Ca 2+ concentration increased (see Fig 6b   and 6c) . Second, we analyzed the influence of the maximal pump current of the glutamate transporter (I GluTmax ) on the Ca 2+ signal (see Fig 7) . The impact of I GluTmax on the Ca 2+ signal mainly depended on the maximal pump current of the Na + /Ca 2+ exchanger (I NCXmax ) and the volume fraction of the internal Ca 2+ store (ratio ER ). In astrocytic compartments close to the soma (ratio ER !0.1) an increase of I GluTmax increased the Ca 2+ oscillation frequency until it reached a maximal value and decreased again (see Fig 7a and 7b ). An increase of I NCXmax shifted the maximal value of the oscillation frequency to lower values of I GluTmax (see Fig 7a) . The increase of I GluTmax caused a higher increase of the intracellular Na + concentration. The Fig 7c) . The increase of the volume of both the internal Ca 2+ store and the intracellular space with ratio ER caused an enhanced Ca 2+ release from the internal Ca 2+ store.
The interplay of the mGluR-and GluT-dependent pathways showed the experimentally observed Ca 2+ fluctuations in astrocytic compartments with a low volume fraction of an internal Ca 2+ store (ratio ER ) for a high pumping activity of the NCX (I NCXmax > 0 pA mm 2 ). However, a high maximal pump current of the NCX (I NCXmax > 0.01 pA mm 2 ) evoked a suppression of the Ca 2+ oscillations in regions with a high ratio ER . Thus, in comparison with experimental data the simulation data suggested a low maximal pump current of the NCX for regions with a high 
Impact of the GluT activity on the Ca 2+ response under synaptic stimulation
Experiments have shown that a block of the glutamate transporter (GluT) leads to a clear attenuation of the Ca 2+ signal [8] . For that reason we examined the impact of the GluT-driven Ca 2+ signal on the overall Ca 2+ response to synaptic stimulation. Fig 8 shows the dynamics of the Ca 2+ signal as a function of the volume ratio between the internal Ca 2+ store and the intracellular space (ratio ER ) with ('control condition') and without ('block') a contribution of the GluT.
We observed a high impact of the GluT-driven Ca 2+ signal for a high pumping activity of the Na + /Ca 2+ exchanger (I NCXmax > 0.1 pA mm 2 ) and a small volume ratio between the internal Ca 2+ store and the intracellular space (ratio ER <0.1) (see Fig 8b and 8e) . With a decrease of I NCXmax and an increase of ratio ER the impact of the GluT-driven Ca 2+ signal decreased (see Fig 8b, 8c and 8d) . In astrocytic compartments with a low volume fraction of the internal Ca 2+ store the Ca 2+ signal mainly arose by the Ca 2+ transported through the membrane (see Fig 4) .
A block of the glutamate transporter prevented a Na + accumulation in the intracellular space (see S1 Fig) and thus with an increase of the impact of the mGluR-dependent mechanism. For that reason, Ca 2+ signals mainly evoked by the GluT-dependent mechanism were observed in regions with a small ratio ER .
Interaction of the mGluR-dependent and GluT-dependent pathway
In order to study the mechanisms underlying the interaction of the mGluR-and GluT-dependent pathways we analyzed the Ca 2+ concentration in the three spaces as well as the concentration of IP 3 in the intracellular space and the fraction h of open IP 3 channels for different values of the maximal pump current of the Na + /Ca 2+ exchanger (I NCXmax ) and the volume ratio of internal Ca 2+ stores (ratio ER ). Fig 9 summarizes the results. Oscillations of the Ca 2+ concentration in the intracellular compartment (see Fig 9b) were reflected in all of the other dynamical variables (see Fig 9c-9f) . When the GluT-dependent pathway was studied in isolation and Ca 2+ release from internal Ca 2+ stores was neglected (see Fig 9a) ] i was independent of the maximal pump currents.
When both the GluT-and mGluR-dependent pathway were considered (see Fig 9b-9f) (GluT)-dependent pathway. We analyzed both pathways in consideration of the volume ratio between the internal Ca 2+ store and the intracellular space. The volume ratio between the internal Ca 2+ store and the intracellular space changes from the soma towards the synapse.
Whereas astrocytic compartments at the soma have a high volume ratio between the internal 
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